Very recently a point-like source was detected near the center of Cassiopeia A supernova remnant by the Chandra first light observation and subsequently confirmed by a long ROSAT observation. We argue that this detection can potentially provide enormous impacts on the theories of supernova explosion, progenitor scenario, compact remnant formation, accretion to compact objects, and neutron star thermal evolution. Although the currently available data cannot determine whether this point source is a neutron star or a black hole, the future prospect for distinguishing between these cases is bright. We conclude that both options are currently possible, but more detailed observational information on, e.g., the spectral characteristics and absence or presence of periodicity, will determine the nature of the compact remnant in Cassiopeia A.
INTRODUCTION
Cassiopeia A (Cas A) is an interesting supernova (SN) remnant in various aspects. The remnant is very young, about 320 years old, has a ring-like shape (e.g. Holt et al. 1994) , and is associated with jet like structures (Fesen, Becker & Blair 1987 ). Previous observations found overabundance of nitrogen in some knots (Fesen et al. 1987) . This implies that the progenitor was a massive Wolf-Rayet star (WN type) which has lost most of its hydrogen envelope during the pre-SN evolution. The SN was suggested to be faint (Ashworth 1980) . This also implies that the progenitor was not a red-supergiant possibly due to the loss of its H-rich envelope and that the 56 Ni mass synthesized during the SN explosion was not large.
In order to understand what kind of SN explosion produced Cas A, it is crucial to know whether the remnant contains a neutron star (NS) or a black hole (BH). Recently the Chandra satellite observed Cas A and found a point-like source with X-ray luminosity of at least 10 32 erg s −1 (Tananbaum et al. 1999; H.Tananbaum 1999, private communication) . Then, Aschenbach et al. (1999) reported that the ROSAT image of Cas A taken during 1995-1996 also shows the point-like source. Detailed analyses have not been reported yet, but they suggest that the count rate is consistent with a 10-km radius neutron star with temperature of 1.6×10
6 K, which corresponds to blackbody luminosity of L = 4.7 × 10 33 erg s −1 (B. Aschenbach 1999, private communication) . In this paper, therefore, we assume that the luminosity of the point source is roughly in the range of L ∼ 10 32 − 5 × 10 33 erg s −1 . If this point source is a NS, the observed luminosity may include components other than the radiation from the whole stellar surface, e.g., the hot spot and magnetospheric radiation. Therefore it is logical to assume that the reported luminosity is the upper limit to the luminosity to be compared with theoretical NS cooling curves.
In this paper we consider both possibilities: that this point-like source in Cas A is a NS or a BH. Currently available information is not sufficient to distinguish between these options, but the forthcoming long Chandra observation with S. Holt et al. (H.Tananbaum 1999, private communication) may be able to do so. Therefore, here we discuss the implications when it turns out to be a BH or a NS. More detailed description will be given in a forthcoming paper.
COOLING NEUTRON STAR
In this section we will assume that the observed Cas A point source is an isolated NS with the luminosity upper limit of L ∼ 10 32 −5×10 33 erg s −1 , and its implication will be discussed. Neutron star thermal evolution is calculated by adopting fully general relativistic 'exact' evolutionary code without making the isothermal approximation (see, e.g., Nomoto & Tsuruta 1987, hereafter NT87; Umeda et al. 1994, hereafter U94; Umeda, Nomoto & Tsuruta 1994, hereafter UNT94) . The effects of magnetic fields are not included. That should be valid for this young star as long as the field strength is not larger than B ∼ > 10 13 Gauss (e.g., Tsuruta 1998).
We first compared the Cas A data with the 'standard' cooling curves (e.g., NT87; Tsuruta 1998). It is found that the lower end of the error bar, which corresponds to the Chandra lower limit, is clearly inconsistent with the 'standard' scenario, while if the ROSAT value is not contaminated, e.g., by hot spots and magnetospheric radiation, that may be marginally consistent with the standard scenario. It may be noted that the upper limit to Cas A found from non-detection by the Einstein Observatory is very similar to the ROSAT limit (Figure 2 of Nomoto & Tsu-1 ruta 1986). If the uncontaminated luminosity turns out to be ∼ 10 33 erg s −1 or less the result will be quite interesting. This is because then the observed value will be certainly below the standard cooling curves, and hence that will become the first concrete evidence for non-standard cooling scenarios such as those involving pion and/or kaon condensates, or the direct URCA process (e.g., U94; UTN94). Figure 1 shows the results for various interesting nonstandard fast cooling scenarios, which are compared with the observed luminosity upper limit to the Cas A point source. The upper and lower limits to the error bar correspond to the reported ROSAT and Chandra data. Also shown in Figure 1 are the already existing detection data points (with error bars) for several interesting cooling neutron star candidates (see, e.g., Tsuruta 1998). The dotted and dashed curves refer to pion and kaon cooling with a superfluid model called the T72 model (Takatsuka 1972) . The suppression effect is so weak for this particular model that the effect is insignificant. The solid curve corresponds to pion cooling with significant superfluid suppression. Here we adopt a particular superfluid model with an intermediate degree of suppression, called the E1 -0.6 model (see U94, UTN94), which fits the Vela pulsar data. Note that if the Cas A point is near 10 33 erg s −1 , the Cas A, Vela, PSR0656+14 and Geminga sources are all consistent with a single pion cooling curve with a reasonable degree of superfluid suppression. The long dashed curve shows the effect of heating. In this model the star cools with the non-standard direct URCA process while the internal frictional heating is in operation within the stellar crust, with the strength parameter of K = 10 37 erg m −3/2 s 2 (see Umeda et al. 1993 and UTN94) . Since the direct URCA process takes place in the core this cooling can occur simultaneously with heating of the crust. This curve shows that even for the fastest direct URCA cooling without superfluid suppression, L ∼ 10 33 erg s −1 is possible at the age of Cas A if a sufficiently strong heat source exists. For pion and kaon cooling even weaker heating is sufficient to obtain this level of luminosity. One important difference between this non-standard + heating model and the pion + supefluid model is that the former scenario cannot fit simultaneously the data for some other cooling neutron star candidates such as the Vela and PSR 0656+14. The latter, on the other hand, is consistent with all the detection data of major cooling neutron star candidates.
For all the curves discussed above a representative equation of state (EOS) of medium stiffness, the FP model (Friedman & Pandharipande 1981) , is adopted. To show the effect of the stiffness of the EOS, the dashed curve labeled (PS) shows the direct URCA cooling with the very stiff PS EOS (Pandharipande, Pines & Smith 1976) . Comparing this curve with the Cas A data we reach an important conclusion. In general non-standard cooling curves show sharp drop at the age of ∼ 100-1000 years. This is because at the early stages of thermal evolution the NS interior core is cooled rapidly by non-standard neutrino emissions while the surface luminosity is determined by photons escaping from the stellar crust which is not different from the standard case. When the cooling wave from the stellar core finally reaches the surface, the surface photon luminosity drops rapidly. The time scale for this sudden drop depends on the thickness of the crust which depends on the stiffness of the EOS. The stiffer the EOS, e.g., with the PS model, the more extended the crust will become. Consequently, the age at which the sudden drop occurs becomes larger for stiffer EOS. Our results show that for the PS EOS the cooling wave has not yet reached the surface at the age of Cas A. Therefore, if the Cas A source is cooling by a non-standard mechanism it may be concluded that the EOS must be softer than the PS model.
We may comment here that we have to be very careful when we interpret the observational data. For example, the relative positions of the Vela and PSR0656+14 data points will change significantly from those shown here, if temperatures are adopted for our comparison (see, e.g., Page 1997). In our opinion, using luminosity (instead of temperature) should be more appropriate when we are to compare the observed data with thermal evolution curves (see, e.g., Tsuruta 1998). Moreover if we are to use temperatures for our comparison the observed Chandra detection data most likely refer to the hot spots temperature if the radiation is thermal. The reason is that the current Chanda data gives, if thermal, relatively high temperatures (∼ 4 to 6 million degrees depending on the atmospheric composition) with radius far too much less than 10 km (G.Pavlov 1999, private communication) . However, by adopting the corresponding luminosity we can still obtain the upper limit to the radiation from the whole stellar surface (see, e.g., Tsuruta 1998).
ACCRETING BLACK HOLE
If the Cas A progenitor is more massive than ∼ 25M ⊙ a BH may be formed in the explosion (e.g., Ergma & van den Heuvel 1998, hereafter EV98) . After formation the inner part of the ejected matter may fallback onto the BH due to the presence of a deep gravitational potential well or a reverse shock, although the exact amount of the fallback matter is quite uncertain. If it is significant, say M ∼ < 10 −8 M ⊙ , the BH will become luminous and observable. The property of an accreting BH depends strongly on whether or not an accretion disk is formed.
Although it is generally considered that the accreting matter will form a disk configuration on time scale of 10 3 seconds (Mineshige et al. 1997) , spherical accretion will occur if the fallback matter has too small angular momentum. The cases with significant matter fallback have been well studied in connection with the possible prospect of BH formation in SN1987A (e.g., Brown & Weingartner 1994; Chevalier 1989; Mineshige et al. 1997) . The luminosity of a super and subcritically accreting BH for spherical accretion was studied by Park (1990) . He found high-temperature solutions for 3 ∼ <ṁ ∼ < 100 andṁ < 0.1, as well as low-temperature solutions forṁ ∼ < 0.1. Herė m is the accretion rate normalized by the Eddington rate, L EDD /c 2 . We define the normalized luminosity l by l = L/L EDD . Then the Chandra and ROSAT limits roughly correspond to l ∼ 10 −6 − 10 −4 . The high-temperature solutions are (i) log l ≃ −2.9 − 1.3 logṁ + 0.94(logṁ) 2 with T X ≃ 10 8 − 5 × 10 9 K for 3 ∼ <ṁ ∼ < 100, and (ii) l ≃ 5 × 10 −5ṁ2 with T X ≃ 7 × 10 9 K forṁ ∼ < 0.1. The low-temperature solutions are l ≃ 10 −8ṁ ln(0.1/ṁ) with T X ≃ 10 4 K. The ROSAT detection luminosity of l ∼ 10 −4 may be consistent with the lower end of the high-temperature solution (i) withṁ ∼ 3. The Chandra detection lower limit of l ∼ 10 −6 may be merginally consistent with the upper end of the high-temperature model (ii) withṁ ∼ 0.1, or the low-temperature solution with supercritical accretion withṁ ∼ 100.
Next consider the more likely case of disk accretion. Since there seems to be no efficient mechanism for angularmomentum removal, the disk evolution most likely obeys the self-similar solution in which the total angular momentum within the disk is kept constant (Pringle 1974; Mineshige, Nomoto, & Shigeyama 1993) . Then, for collapse of a uniform cloud the mass-flow rate in the disk is expected to decay in a power-law fashion after the disk is formed (Mineshige et al. 1997 ), as;
where α is the viscosity parameter. Here we should allow a factor of 0.1 − 10 changes depending on the distribution of matter and angular momentum. Equation (1) means that if M fallback ∼ 0.1M ⊙ we getṁ ≫ 1 at t = 320 yr. Then, the disk luminosity should be, at least, of the order of L EDD ∼ 4 × 10
In order for the black-hole accretion scenario to be consistent with the observation, therefore, M fallback should be much smaller andṁ < 1 at t = 320 yr. The situation may change if photon diffusion time in the vertical direction significantly exceeds the accretion time. If we assumeṁ trap ∼ 10 6 , we obtain M fallback > 4 × 10 2 (α/0.1)
This value is unreasonably high. The conclusion is that the possibility of hypercritical disk accretion is not acceptable for Cas A.
Let us, therefore, consider disk accretion with loẇ M . The accretion theory predicts that for sufficiently lowṀ the disk is likely to become advection-dominated (the so-called ADAF), at least in the innermost parts from which the X-ray emission originates (Narayan & Yi 1995; Abramowicz et al. 1995 ; for a review see Kato, Fukue, & Mineshige 1998) . In fact, the quiescent spectra of X-ray novae are consistent with the advectiondominated flow model (e.g., Narayan, McClintock, & Yi 1996) . They are fit quite well by a power law (with a power-law index of Γ ∼ 1.7) and an exponential cutoff at one hundred to several hundred keV (Tanaka & Shibazaki 1996) . The significance of the optically thin ADAF is that the energy is no longer proportional toṀ but toṀ 2 ; l ∼ 0.1(ṁ 2 /10α 2 ) forṁ ≤ 10α 2 (Narayan & Yi 1995) . The luminosity of l ∼ 10 −6 then corresponds toṁ ∼ 10 −3 (α/0.1)(l/10 −6 ) 0.5 . For this case we get
The implication is that the amount of the fallback material should indeed be very small for a reasonable value of α ∼ 0.1.
On the other hand, we note that more fallback mass is allowed if the disk suffers a thermal instability of a kind invoked in dwarf novae and X-ray novae (Meyer-Hofmeister 1992, Mineshige, Nomoto & Shigeyama 1993) . It is established that a thermal instability associated with ionization and recombination of hydrogen and helium in the disk is responsible for outbursts of X-ray novae (Mineshige & Wheeler 1989) . It is important to note in this respect that the luminosity of ∼ 10 32 − 10 33 erg s −1 is typical to X-ray novae which are Galactic black-hole candidates (BHCs) during quiescence (e.g., Narayan, Garcia & McClintock 1997) . All X-ray novae with low-mass companions are known to exhibit outbursts characterized by a rapid rise over a period of a few days and exponential decays with e-fold times of one month to several months, which are separated by very long quiescent periods of over several tens of years. The peak luminosity sometimes reaches Eddington, while during quiescence between outbursts the disk luminosity is kept rather low. According to the thermal disk-instability scenario, when massflow rates go below some critical value a thermal ionization instability is initiated at the outer parts of the disk and propagates inward, transforming gas from its ionized state to neutral state. The criticalṁ below which this thermal ionization instability sets in is (e.g., Mineshige & Wheeler 1989) 
11 cm) 2.6 . Here r d denotes the size of the disk because the outermost part is the coolest and is thus easy to suffer an instability. The disk made of the fallback material suffers this instability within t = 320 yr for
11 cm) 2.6 M ⊙ , a condition easily satisfied for Cas A. Therefore, it is reasonable to assume that an accretion disk around a hypothetical BH in Cas A is undergoing this thermal instability. The accretion rate will be higher than predicted for the case with no instability, but still it is predicted to be relatively low and certainly very much subcritical. The observed spectrum in this case is predicted to be a power law.
The conclusion is that the point source in Cas A is consistent with a scenario where the observed radiation comes from an advection-dominated accretion disk around a BH with relatively lowṀ which is undergoing a thermal ionization instability. What has been discussed may apply to an accreting system involving a NS since some of X-ray novae have a NS as their compact component. However, we can still, without difficulty, find whether the compact star involved is a BH or a NS. This is because the characteristic properties of the observed X-ray spectra in these two cases are quite different (e.g., see Tanaka 1999) . For instance, the radiation from a quiescent NS is predominantly thermal emission from the neutron star surface (Rutledge et al. 1999) . Moreover, in the NS case it is likely that Xray bursts occur every few years, which is quite distinctive from the BH case.
PROGENITOR SCENARIO
Here we discuss whether the formation of a NS or BH is consistent with the current SN models and some peculiarities of Cas A.
The overabundance of nitrogen in Cas A implies that the progenitor was a massive WN star which lost its hydrogen envelope before the SN explosion. Here we describe two possible evolutionary paths to form such a pre-SN WN star.
One path is the mass loss of a very massive single star. A star more massive than ∼ 40 M ⊙ (e.g., Schaller et al. 1992) can lose its hydrogen envelope via mass loss due to strong winds and become a Wolf-Rayet star. Recent theoretical models and population synthesis studies suggest that stars more massive than ∼ 25 M ⊙ are more likely to form BHs (e.g., EV98). In numerical models, the collapsing core of such a star is too massive to explode by neutrino heating (e.g., Burrows, Hayes, & Fryxell 1995; Janka & Müller 1996) . Such a core either (1) continues to collapse to form a BH (prompt collapse) or (2) makes a bounce to cause a weak explosion but collapses again to form a BH due to the mass increase of the NS already formed by the fallback material (delayed collapse; Woosley & Weaver 1995). In either way the WN star progenitor is massive enough to form a BH. If the collapse is almost spherical, probably little energy can be extracted from the BH, and hence the explosion will be at most weak. This scenario, however, is not consistent with the high expansion velocities (∼ 6000 km s −1 ) of Cas A. If, on the contrary, the collapse is highly non-spherical it could form a BH which is surrounded by an accretion disk. Then energetic jets may form through such a mechanism as, e.g., the Blandford & Znajek (1977) mechanism. The ejected disk may look like a ring as observed in Cas A.
The other evolutionary path to form a pre-SN WN star is the mass loss due to binary interaction. If the progenitor is in a close binary system with a less massive companion star, the star loses its hydrogen envelope through Roche lobe overflow. In this case, the WN progenitor can form from a star of M MS ∼ < 40M ⊙ . Its SN explosion of type Ib/c would leave either a BH (if
. If the compact remnant in Cas A turns out to be a NS, therefore, the progenitor must have been in a close binary system. The ring-like structure and jets from Cas A may indicate that the explosion was aspherical. These features may be explained if the pre-SN progenitor was rotating very rapidly due to spiralling-in of the companion star. The SN explosion of a rapidly rotating star may generate jets (e.g., Yamada & Sato 1994) , and then the observed properties of Cas A can be naturally explained with this binary scenario.
CONCLUSION
The point source detected in Cas A by the Chandra first light observation and then confirmed by a long ROSAT observation can potentially provide great impacts on the theories of supernova explosion, progenitor scenario, compact remnant formation, accretion to compact objects, and NS thermal evolution. The reason is that this is the youngest compact SN remnant to be detected and moreover its actual luminosity will be able to be determined.
Although the current data cannot determine if the point-source comes from a NS or a BH, future observations by the Chandra, XMM, and other satellite missions should be able to distinguish between these cases. If it is a NS distinct periodicity may be found and the spectrum may contain thermal components. If it is a BH the observed radiation will not show precise periodicity, the spectrum may be power-law and hard, and its luminosity may exhibit burst like variability.
If the source turns out to be a BH that will offer the first observational evidence for BH formation through a SN explosion. If the source is confirmed to be a neutron star, for nuclear matter physics and NS thermal evolution theories it will be critically important to determine the uncontaminated luminosity from the whole stellar surface. If this luminosity turns out to be L ∼ 10 33 erg s −1 or less the outcome will be especially interesting, in the sense that this will become the first concrete evidence for NS non-standard cooling. In that case the EOS as stiff as the PS model should be ruled out. Even if the source is a NS undergoing standard cooling, the existence of the NS itself will significantly constrain the progenitor scenario for Cas A.
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